Super-high resolution laser-based angle-resolved photoemission measurements have been performed on a high temperature superconductor Bi2Sr2CaCu2O8. The band back-bending characteristic of the Bogoliubov-like quasiparticle dispersion is clearly revealed at low temperature in the superconducting state. This makes it possible for the first time to experimentally extract the complex electron self-energy and the complex gap function in the superconducting state. The resultant electron self-energy and gap function exhibit features at ∼54 meV and ∼40 meV, in addition to the superconducting gap-induced structure at lower binding energy and a broad featureless structure at higher binding energy. These information will provide key insight and constraints on the origin of electron pairing in high temperature superconductors.
Super-high resolution laser-based angle-resolved photoemission measurements have been performed on a high temperature superconductor Bi2Sr2CaCu2O8. The band back-bending characteristic of the Bogoliubov-like quasiparticle dispersion is clearly revealed at low temperature in the superconducting state. This makes it possible for the first time to experimentally extract the complex electron self-energy and the complex gap function in the superconducting state. The resultant electron self-energy and gap function exhibit features at ∼54 meV and ∼40 meV, in addition to the superconducting gap-induced structure at lower binding energy and a broad featureless structure at higher binding energy. These information will provide key insight and constraints on the origin of electron pairing in high temperature superconductors. The mechanism of high temperature superconductivity in the copper-oxide compounds (cuprates) remains an outstanding issue in condensed matter physics after its first discovery more than two decades ago [1] . It has been established that, in cuprate superconductors, the electrons are paired with opposite spins and opposite momentum to form a spin-singlet state [2] , as the Cooper pairing in the conventional superconductors [3] . It has been further established that the superconducting gap in the cuprate superconductors has a predominantly dwave symmetry [4] , distinct from the s-wave form in the conventional superconductors. The center of debate lies in the origin of the electron pairing in the cuprate superconductors. In the conventional superconductors, it is known from the BCS theory of superconductivity that the exchange of phonons gives rise to the formation of Cooper pairing [3] . In the cuprate superconductors, the question becomes whether the electron-electron interaction can automatically cause the pairing [5] , or a distinct collective mode (a glue) remains essential in mediating the pairing as in the conventional superconductors and what the nature of the glue is [6] [7] [8] .
In the conventional superconductors, the extraction of the electron self-energy Σ(ω) and gap function φ(ω) in the superconducting state played a critical role in proving that phonons provide the glue for Cooper pairs [9] . Experimentally, these two fundamental quantities were extracted from the tunneling experiments [10] . On the one hand, theoretical models were examined by simulating the two quantities to compare with the experimentally extracted ones [11] . On the other hand, the underlying bosonic spectral function associated with the pairing glue was directly inverted from the gap function via the Eliashberg equations [12] . The striking resemblance between the bosonic spectral function thus extracted and the phonon density of states directly measured from the neutron scattering provided an overwhelming evidence of the phonons as a pairing glue in the conventional superconductors [9] . It is natural to ask whether similar procedures can be applied in high temperature cuprate superconductors, which necessitates reliable extraction of the electron self-energy and gap function in the superconducting state [13] . However, the ordinary tunneling experiments cannot be used for this purpose due to the complications from the strong anisotropy of the electronic structure and d-wave superconducting gap [14, 15] .
In this paper, we report the first experimental extraction of the electron self-energy Σ(ω) and gap function φ(ω) in the superconducting state of a high temperature superconductor Bi 2 Sr 2 CaCu 2 O 8 (Bi2212) from angle-resolved photoemission (ARPES) measurements. This is accomplished by carrying out super-high resolution laser-based ARPES measurements on Bi2212 which clearly reveals the band back-bending behavior of the Bogoliubov-like quasiparticle dispersion at low temperature. The extracted Σ(ω) and φ(ω) show clear features at ∼54 meV and ∼40 meV, in addition to the superconducting gap-induced structure at lower energies, and a broad background at higher energies. The accurate and detailed determination of Σ(ω) and φ(ω) will provide key information on the pairing mechanism of high temperature superconductivity.
The angle-resolved photoemission measurements were carried out on our vacuum ultra-violet (VUV) laserbased ARPES system [16] . The photon energy of the laser is 6.994 eV with a bandwidth of 0.26 meV. The energy resolution of the electron energy analyzer (Scienta R4000) was set at 1 meV, giving rise to an overall energy resolution of ∼1.2 meV which is significantly improved from 7∼15 meV from some previous ARPES measurements [17] [18] [19] [20] [21] . The angular resolution is ∼0.3
• , corresponding to a momentum resolution ∼0.004Å −1 at the photon energy of 6.994 eV, more than twice improved from 0.009Å −1 at a regular photon energy of 21.2 eV for the same angular resolution. The Fermi level is referenced by measuring on a clean polycrystalline gold that is electrically connected to the sample. Slightly underdoped Bi2212 (T c =89 K) single crystals were cleaved in situ and measured in vacuum with a base pressure better than 5 × 10 −11 Torr. According to the BCS theory of superconductivity [3] , in the superconducting state, the low energy excitations are Bogoliubov quasiparticles representing the coherent mixture of electron and hole components. The BCS spectral function can be written as:
, where u k and v k are coherence factors, Γ is a linewidth parameter, and E k =(
1/2 where (k) is the normal state band dispersion and ∆(k) is the gap function. Two prominent characteristics are noted in the simulated spectral function in the superconducting state (Fig. la) . The first is the existence of two branches of Bogliubov quasiparticle dispersions above and below the Fermi level E F , separated by the superconducting gap 2|∆| and satisfying a relation A(k,ω)=A(-k,-ω). The second is that, for a given branch, there is a band back-bending right at the Fermi momentum k F . Since ARPES measures a single particle spectral function A(k,ω) weighted by the photoemission matrix element and the Fermi distribution function f(ω,T):
, it probes mainly the occupied states due to f (ω, T ). When the temperature (T) is sufficiently low, the upper branch of the dispersion is suppressed (Fig. 1c) . On the other hand, when the temperature is relatively high in the superconducting state, a few electronic states above the Fermi level can be thermally populated and become visible (Fig. 1b) .
The first characteristic of the Bogoliubov quasiparticle, i.e., the existence of two dispersion branches above and below the Fermi level in the superconducting state, has been reported in the previous ARPES measurements on cuprate superconductors [17] [18] [19] 21] . It shows up more clearly in our super-high resolution ARPES measurements ( Fig. 1(e1-e5) ). As seen in Fig. 1e1 , at low temperature (16 K), the spectral weight above the Fermi level is almost invisible. However, at relatively high temperatures while the sample remains in the superconducting state, there are clear features present above the Fermi level, as seen from the 70 K (Fig. 1e2 ) and 80 K (Fig.  1e3) measurements. By dividing out the corresponding Fermi distribution function from the measured photoe- mission data in Fig. 1(e1-e5) , part of the upper dispersion branch near the Fermi level can be recovered, as seen in the 70 K (Fig. 1f2 ) and 80 K (Fig. 1f3) data. Indeed, the upper branch and the lower branch are nearly centrosymmetric with respect to the Fermi momentum at the Fermi level. Above T c , the band recovers to the normal state dispersion with no gap opening (97 K data in Figs. 1e4 and 1f4, and 107 K data in Figs. 1e5 and 1f5) .
One major result of the present work is the revelation of the other characteristic of the Bogoliubov quasiparticles in the superconducting state, i.e., the band backbending expected in the lower branch at the Fermi momentum (Fig. 1c) . In this case, a momentum distribution curve (MDC) (red thick line in Fig. 1c ) at an energy slightly below the gap ∆ (red thin line in Fig.  1c ) is expected to exhibit two peaks: a strong peak from the original main band, and the other weak peak (or shoulder, marked by black arrow in Fig. 1c ) from the superconductivity-induced additional band. Indeed, as seen from Fig. 2a which was taken on Bi2212 at 16 K in the superconducting state, a band back-bending behavior can be clearly observed. The MDC at a typical binding energy of 20 meV shows a clear shoulder in addition to the main peak (Fig. 2c2) . To highlight the superconductivity-induced change across the superconducting transition, we also show in Fig. 2b the photoemission image taken at 16 K divided by the one taken at 107 K in the normal state. The superconductivityinduced band back-bending becomes more pronounced (Fig. 2b) and the corresponding MDCs at some binding energies like 20 meV show two clear peaks (Fig. 2d2) . To the best of our knowledge, this is the first time that this second characteristic of the Bogoliubov quasiparticles in the superconducting state is revealed so clearly, mainly due to the much improved resolution of our laser-based ARPES measurements. Fig. 3(a1-a6) show the momentum dependence of the photoemission images measured at 16 K; the corresponding photoemission images at 16 K divided by those at 107 K are shown in Figs. 3(b1-b6) to highlight the change across the superconducting transition. The band backbending behavior is clearly observed and appears to get more pronounced as the momentum cuts move away from the nodal region towards the antinodal region. The energy position of the bending points moves to a larger binding energy as the momentum cuts move towards the antinodal region; this is consistent with the increasing superconducting gap size because the location of the bandbending top corresponds to the superconducting gap ∆ at the Fermi momentum (Fig. 1a) .
The observation of the two major characteristics of the Bogoliubov quasiparticle-like behavior in Bi2212 indicates that its superconducting state is qualitatively consistent with the BCS formalism. More importantly, the clear revelation of the band back-bending behavior at low temperature offers a new opportunity to go beyond the BCS approximation by using the Eliashberg formalism to directly extract the electron self-energy and the gap function from the ARPES data. The single particle spectral function A(k,ω), measured by ARPES, is proportional to the imaginary part of the Green's function
Considering a cylindrical Fermi surface in the supercon- ducting state, it can be written as
where k is the bare band, Z(ω) is a renormalization parameter, and the φ(θ, ω) = φ(ω) cos(2θ) is a d-wave gap function. This form is applicable when the momentum cut points towards (π, π), as is the case for our measurements (see Fig. 1d and inset of Fig. 3 ). Z(ω) and φ(ω) are extracted by fitting the MDCs at different binding energies using Eqs. (1) as shown in Fig. 2c . In the fitting procedure, the bare bands k are taken from the tight binding model [22] which are the same as used before [23] . Different selection of the bare bands would affect the absolute value of the fitted quantities (Fig. 4) but has little effect on the main features that will be discussed below. All the MDCs are well fitted by the combined Eqs. (1) and (2), as shown in Fig. 2c for MDCs (16 K, blue lines and circles) at several typical binding energies. The same equations also fit the normal state data by taking φ(ω)=0 in Eqs. (2), as shown in Fig. 2c for the 107 K data [23] . Fig. 4 shows the obtained real and imaginary parts, Σ (ω) and Σ (ω), of the electron self-energy, and the real and imaginary parts, φ 1 (ω) and φ 2 (ω), of the gap function for three typical momentum cuts (cuts #3, #4, and #5 in upper-right inset of Fig. 3 ). While the gap function φ(ω) is obtained directly from the above fitting procedure, the electron self-energy Σ(ω) is obtained from the fitted renormalization parameter Z(ω) by Σ(ω) = [1−Z(ω)]ω. Since the superconductivity-induced change occurs most obviously in a small energy range near the Fermi level (Fig. 3b) , we confine our fitting results within 100 meV energy window near the Fermi level. The features below ∼20 meV are mainly related to the opening of superconducting gap (for these three cuts, the corresponding superconducting gap is between 10 and 15 meV). At higher energies, two main features can be identified: one at ∼54 meV showing as a robust hump in the real part of the electron self-energy (Fig. 4a) , and the other at ∼40 meV showing as a dip in both the imaginary part of the electron self-energy (Fig. 4b) and the imaginary part of the gap function (Fig. 4d) . We note that the ∼54 meV feature is close to the bosonic mode observed in the tunneling experiment [15] and is also close to the energy scale of the well-known nodal dispersion kink in cuprates [24] . The 40 meV feature is close to the antinodal kink found in Bi2212, with its energy close to either the resonance mode or the B 1g phonon mode [25] . Further work are needed to pin down the exact origin of these energy scales and their role in causing superconductivity. We also note that Σ(ω) at higher energies (above 50 meV) show a featureless background that is also observed in the normal state [23] .
In summary, by taking advantage of the high precision ARPES measurements on Bi2212, we have resolved clearly both characteristics of the Bogoliubov quasiparticle-like dispersions in the superconducting state. In particular, the revelation of the band backbending behavior of the lower dispersion branch at low temperature makes it possible for the first time to extract the complex electron self-energy and complex gap function of Bi2212 superconductor in the superconducting state. The experimental extraction of the electron self-energy and the gap function in the superconducting state will provide key information and constraints on the pairing mechanism in high temperature superconductors. First, like in the conventional superconductors, it can provide examinations on various pairing theories by computing these two quantities to compare with the experimentally determined ones. Second, also like in the conventional superconductors, if it is possible to directly perform inversion of these two quantities to obtain the underlying bosonic spectral function that is responsible for superconductivity, it may provide key information on the nature of the electron pairing mechanism. We hope our present work will stimulate further efforts along these directions.
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